I. INTRODUCTION
For the determination of the structure of intrinsic membrane proteins at high resolution, it is necessary to work on two-dimensional (2D) or threedimensional (3D) crystals. Spectacular results have been obtained by X-ray diffraction studies on 3D crystals grown from photosynthetic reaction centres isolated from photosynthetic bacteria (Deisenhofer et ul., 1985; Allen et ul., 1987) . Apart from these reaction centres, only a few proteins have been crystallized in a form suitable for high-resolution X-ray diffraction and no other structures have been solved yet. The knowledge on 3D crystallization will progress. not in the least because everybody wants to crystallize his or her protein nowadays, but it will always remain a difficult task to grow good 3D crystals.
For several reasons, electron microscopy, the 'minor technique' for studying crystallized membrane proteins, will remain important.
First, with electron microscopy one can easily check the initial steps in crystal growth: the aggregation state of the protein, and its interactions with detergent molecules. Second, recent progress in high resolution (cryo-) electron microscopy has opened the way to solve the structure of membrane proteins with a resolution well under I nm (Baldwin et ul., 1988) . Third, many proteins are easier to crystallize into 2D then 3D.
This review deals with the techniques for obtaining 2D crystals from detergent-solubilized intrinsic 
II. CRYSTALLIZATION IN VESICLE CRYSTALS

A. General Description
In 1979 Weiss and coworkers succeeded in making vesicle crystals of cytochrome reductase (Wingfield et al., 1979; Leonard et al., 1981) . After the isolation step with Triton X-100, Triton X-100 phospholipid mixed-micelles were added to the purified cytochrome reductase. By slow removal of the detergent, vesicles were obtained in which the protein molecules were in a crystalline packing. In a similar way crystals were also formed from a subcomplex of this enzyme (Hovmoller et al., 1981) In fact, this method of obtaining crystals is a modified form of the general method of reconstitution: the incorporation of proteins into artificially made lipid vesicles. The difference is mainly in the lipid to protein ratio. Whereas mass ratios of 20 : 1 or higher are usually applied in reconstitution, ratios between 3: 1 and 1: 3 are optimal for cytochrome reductase crystals. Under these conditions the protein concentration apparently is too high for free rotational and translational rotation, resulting in a crystalline packing (Hovmoller et a/., 1983) . PhoE Porin, which was reconstituted with phosphatidylcholine at a ratio of 1: 4, forms highly ordered two-dimensional crystals, from which the projection normal to the membrane could be determined to a resolution of 0.65 nm (Jap, 1989) . Another example is NADH dehydrogenase (Leonard et al., 1987) from which crystals were prepared in a way very similar to that for cytochrome reductase. A further example of an enzyme crystallized in vesicle crystals is cytochrome oxidase. In fact, this was the first membrane protein ever crystallized (Seki et al., 1970; Vanderkooi et al., 1972) . The original method is different from the one used for the cytochrome reductase crystals. First, the cytochrome oxidase was extracted from mitochondrial membranes with either Triton X-l 14 and X-100 or deoxycholate, and then further purified by salt fractionation with KCI. The green pellet showed already some crystallinity.
If no crystalline structures appeared, further incubation with detergent (Triton X-100 or deoxycholate) was necessary. This probably improved crystallization by removing more phospholipids from the membraneous preparation (Capaldi and Zhang, 1986 ). Furthermore, cytochrome oxidase crystals could also be made by fusion of purified protein with preformed lipid vesicles in a similar way to that used for cytochrome reductase (Fuller et al., 1982) .
The last, but not the least example is bacteriorhodopsin.
This protein already exists in a crystalline form in oitlo in the purple membrane of Halobacterium halobium. Triton X-100 solubilized monomers spontaneously rearrange into crystalline membranes after removal of detergent by dialysis (Cherry et al., 1978) .
R. Pho.spi7olii~~t~~tl Ttwrttt7t~nr
In cases where proteins are incorporated in lipid vesicles one can induce or further improve crystal formation by removal of (part of) the excessive lipid by treatment with phospholipase A2 or phospholipase C. This method was proposed by Mannella (1984) . with application to a porin from mitochondrial outer membranes. The phospholipase enTymcs work with C$' as a cofactor, mainly by binding to the lipid which is arranged in ;I bilaycr. Phospholipase A2 treatment of phospholipids (lecithin) give lysolecithin molecules as the breakdown product; Phospholipase C clcavcs phospholipids releasing diacylglycerols. Lysolecithin has detergent properties and it may therefore bc advantageous in some cases to remove it finally by dialysis. The method has also been applied to several other proteins. for instance Na, K ATPase (Mohraz tit r/l., 1985). The ctfect of phospholipasc treatment can be easily tested on ;i small scale where protein has been incorporated into vesicles. The method is therefore highly recommended as a tool in all crystallization trials dealing with lipid vesicles.
C. Silwt Fortt7iq
Proprrtit~s f!f' sott7tJ Lktrr; qtv7t.v In the last decade. many new non-ionic detergents have been synthesized and introduced in membrane protein chemistry (see also Section 111). Thcsc detergents are all pure homogeneous compounds, in contrast to some older detergents such as Triton X-100. which is a mixture of vcrj long (about 4nm) molecules.
Several membrane proteins have a lower stability in Triton X-100. such as Photosystem II. which also loses pigments when several subunits are removed (Dekker et r/l.. 198921) . However. we think that for a special reason Triton X-100 remains an interesting detergent for 7D crystalliration.
Eleclron microscopy of proteins purified in the presence of this detergent showed that the isolated material is usually arranged in sheets, rather than in a disperse solution ol small detergent protein miccllcs (see, for instance. lrrgang c't rrl.. 1988. for ;I typical example). Such detergent ~protein sheets must be regarded as :I better starting point for crystallization than single particles. since nucleation, the first step in cr-stalliration. is an energy-demanding process. A small disadvantage of working with Triton X-100 is its very low critical micellar concentration (CMC). Almost all detergent molecules arc bound in micelles and removal of Triton X-100 bv dialysis can take up lo five days. As :I quicker alternative. removal by addition of Biobeads SM-2. according to Holloway ( 1973) First, it matters which kind of lipid is used. Sonified phosphatidylcholine is commonly used for the protein crystals described previously. However, the general literature states that fusion is strongly inhibited by phosphatidylcholine (Diizgiines, 1983 ). Phosphatidylserine and phosphatidylethanolamine have a positive effect on fusion. Therefore, we suggest that pure phosphatidylcholine should be abandoned in any case where protein fusion is difficult to obtain, and that instead, mixtures with phosphatidylserine should be used. Second, fusion conditions are further improved by addition of detergents to the lipid vesicles ('mixed micelles'). Detergents such as Triton X-100 or octyl glucoside seem to have a similar effect (Alonso et al., 1982) and any of them could be taken advantage of. Third, the fusion process is temperature dependent; membranes made of phosphatidylcholine or phosphatidylserine fuse at characteristic temperatures of 43'C and 38 C, respectively.
The incorporation of lysolecithin, which was the product of phospholipase A? treatment, reduces these temperatures by about 10°C (Breisblatt and Ohki, 1975 
III. DETERGENT-PROTEIN CRYSTALLIZATION METHOD
The previous section describes the methods which take advantage of sheet-forming properties of lipids and some detergents. However, naturally occurring lipids are rather inhomogeneous and a heterogeneous proteindetergent sample may be a disadvantage for getting well ordered, large crystals (Kiihlbrandt, 1988) . Therefore, crystallization of membrane proteins in the presence of one well defined type of detergent is perhaps the most promising general method. Both 2D and 3D crystals have already been obtained by this method. For about I5 objects 3D crystals are now available (reviewed by Kiihlbrandt, 1988) . Some of these crystals are suitable for determining the structure at high resolution by X-ray diffraction.
In the extensive review of Kiihlbrandt many details on the 3D crystallization methods can be found. Michel ( 1983) has formulated some useful concepts that have been helpful for making 3D crystals. A monolayer of right-sized detergent molecules should cover the hydrophobic parts of the protein making its total surface 'hydrophilic'. Such a small detergent-protein micelle could then be treated as a normal soluble protein and crystals could be made by application of classical crystallization methods using salts and other additives.
Many detergents have been tested for obtaining 3D crystals and several dozens of detergents have been found to be of potential interest for all the proteins studied so far. but for each new protein many have to be inspected in order to get crystals. since the success of a particular detergent is highly protein specific. Pikula P/ ctl. (1988) tested 49 detergents for getting 3D crystals for Ca-ATPase. Only four of them gave crystals; three Brij-type detergents and furthermore. octaethylene glycol dodecyl ether ('Cl 2E8'). The 49 different detergents were already preselected on the basis ot results with other proteins.
For 2D crystallization, the suitability of detergents has never been tested on such a scale, but the constraints for getting well-ordered crystals are perhaps generally less stringent. Some of the detergents used for 3D crystals have also been successfully applied for 2D crystallization, such as dodecyl (lauryl) maltoside and N.N dodecyldimethylamine N-oxide (LDAO).
Dodecyl maltoside gives 3D Photosystem I crystals (Witt ct N/., 1988) and 2D Photosystem II crystals (Dekker cut (I/.. 1989b) . LDAO gives 3D crystals as well as 3D crystals for the photosynthetic reaction centre from Rhorlop.ct~urlor~~ot~rr.r riridis (Miller and Jacob. 1983; Michel. 1982) . Unfortunately. Photosystem II, although having similarities to the photosynthetic reaction centre in two of its subunits, is not very stable in LDAO (Timmins et cd., 1988) . Therefore. for 2D crystals it is also true that an optimal combination of protein and detergent has to be found experimentally.
However, there are differences in the way 2D and 3D crystals can be made. Whereas Triton X-100 is a good detergent for 2D crystals as described previously, 3D crystallization general11 needs smaller detergent molecules. This is exemplified by the light-harvesting complex II. Monolayer crystals were obtained with Triton X-100. whereas thin 3D crystals were obtained with nonylglucoside (Kiihlbrandt, 1988) . Another object that has been 2D-crystallized with Triton X-100 is bacteriorhodopsin of purple membrane from Htrlohuctrriwn hulohiun~ (Michel et (11.. IWO) .
From this crystal form the projected structure was determined at 6.5 8, resolution. Unfortunately, the 3D crystals from this object, obtained with octylglucoside (Michel and Oesterhelt, 1980) did not diffract welt enough to determine the structure by X-ray diffraction.
Besides the four successfully applied detergents discussed previously, Tween X0 gave crystals for rhodopsin from frog retinal rod outer segments (Corless et N/.. 1982) .
With the detergent--protein crystallization method, crystals have been found for five different detergents. These were also the detergents in which the proteins were purified. Perhaps in some case\ there were remnants of lipids present in the cry\-talline sheets. which could be advantageous fol sheet-forming, especially in combination with Triton X-100. But since high purity and homogeneity are vital for crystal growth, remo\tal of lipid molecules seems to be more promising. Moreover. 2D crystallization can also start from a monodisperse solution. For example. the crystals of Photosystem II were obtained, starting from a monodisperse particle solution with dodecyl maltoside as detergent, by optimizing detergent concentration. salt content and pH. It seems therefore likely that many more detergents will give good crystals. it' tested with highly purified proteins on a larger scale. Dodecyl maltoside. octyl-. nonyl-and decyl glucoside are among the most intcrcsting newer detergents that should be tried out in any C:L\C. For the crystals mentioned above, where salt addition is the main effector in the crystallization, other factors such as the lipid to protein ratio and the detergent to protein ratio, remain very important. If, for instance, salt addition is combined with removal of detergent by dialysis this will often lead to random aggregation of the protein molecules.
The wide variety of objects indicates that this method is of general interest, particularly for proteins that associate with membranes.
However, none of these proteins actually belongs to the group of intrinsic membrane proteins, and the question as to whether this method is also applicable for these proteins is still open.
The effect of other small salt molecules and additives on 2D crystals have never been tested on a larger scale. Some small 'space filling' additives have been successfully applied in 3D crystallization, such as heptanetriol (Kiihlbrandt, 1988) . For frog rhodopsin and for Photosystem II, hibitane and taurine have been applied, respectively (Dratz et al., 1985; Dekker et al., 1989b) . Polyethylene glycol 6000 is a well-known additive which binds water and therefore concentrates the protein solution. Preliminary results with crystalline sheets of ATP synthase from spinach chloroplasts (Bottcher, Graber, Boekema, unpublished observation) indicate that this substance, which is widely applied in 2D and 3D crystallization, is also of interest for membrane proteins.
V. OTHER CRYSTALLIZATION METHODS
Older methods applicable for soluble proteins make use of a substrate, such as the carbon support film (Keegstra and van Bruggen, 1980) or mica (Harris, 1982) . For membrane proteins these methods do not seem to have a particular value and no results for membrane proteins have been reported until now. Soluble proteins are usually crystallized from concentrated solutions by addition of salts, such as ammonium sulphate and sodium chloride and/or water-binding substances, such as polyethylene glycol (PEG). In a few cases 2D crystals of membrane proteins have been grown by similar procedures and addition of salts in the 1 M range, as is usually performed in classical protein crystallization, was successful. Two examples are NADH dehydrogenase (Boekema et al., 1982) and bovine rhodopsin (Dratz et al., 1985) . In both cases
VI. CONCLUSIONS AND CLOSING REMARKS
In this paper, four general ways of making two-dimensional membrane protein crystals have been described. One of them, the lipid monolayer technique,
gives an elegant way to obtain twodimensional crystals for hydrophilic or membraneassociated proteins, but possibly it is not very promising for intrinsic membrane proteins. The last method. the addition of salts and additives can only be useful in combination with detergents and/or lipids. That leaves us basically with the two other crystalliration methods; the vesicle crystal method and the detergent-protein crystallization method.
From the limited number of crystallized objects (Table  I) it is not clear which method is. in principle. the better one, in terms of its potential success or the ultimate resolution that can be achieved. Therefore. we suggest that generally both methods should be tried out as a starting point fol getting good crystals. In cases of extreme hydrophobic membrane proteins the vesicle crystal method could. however, have slight advantages over the detergent protein crystallization method, since the latter depends more on interactions bctween the hydrophilic protein parts extending from the membrane. The choice will also depend on the way the proteins are isolated and their stability against a particular detergent.
Well characterized, FPLC-purified and lipid-free membrane proteins should in principle give crystals without extreme efl'ort. Indeed. some crystals were initially found by routine checking of isolated protein batches. Therefore. with the steady interest in the structural aspects of membranes there is much hope that the number of crystallized proteins will rapidly increase.
